The biosynthesis of 4-hydroxybenzaldehyde and 3-bromo4-hydroxybenzaldehyde from L-[U-14Cltyrosine has been demonstrated in chloroplast-containing fractions obtained by differential and isopycnic centrfbgation from the marine red als Odoadliafloccosa. Surfactant and high speed centrifugation studies indicate that the biosynthetic pathway involves a particulate enzyme system, possibly located on the thylakoid membranes.
Odonthalia floccosa is a marine red alga which, along with many others, contains 2,3-dibromo-4,5-dihydroxybenzyl alcohol (lanosol) (10) . Cell-free homogenates of 0. floccosa have been shown to produce 3-bromo-4-hydroxybenzaldehyde from L-[U14CJtyrosine (20) . Based on the identification of the following "Clabeled compounds from that study, the following pathway was proposed: L-tyrosine -* 4-hydroxyphenylpyruvic acid -+ 4-hydroxyphenylacetic acid --4-hydroxymandelic acid -+ 4-hydroieybenzaldehyde --3-bromo-4-hydroxybenzaldehyde. It was also suggested that lanosol might be produced by further metabolism of this last compound. The marine red algae, Marginisporum aberrans (21) and Dasya pedicellata (11) , have been found to contain 4-hydroxybenzaldehyde. A similar pathway, resulting in the formation of 3-bromo-4-hydroxybenzoic acid, has recently been described (16) for the diatom Navicula incerta and the haptophycean alga Isochrysis galbana. The formation of 4-hydroxyphenylacetic acid from L-tyrosine, via 4-hydroxyphenylpyruvic acid, has been documented for certain bacteria (5, 28) , for the blue-green alga Anacystis nidulans (17) , and for the higher plant Astilbe chinensis (15) . The formation of 4-hydroxybenzaldehyde from 4-hydroxymandelic acid has been established for certain bacteria (3) , and a fungus (14) grown on the latter compound. The formation of 4-hydroxymandelic acid from 4-hydroxyphenylacetic acid has been postulated to occur in fungi (9, 31) and the studies with 0. floccosa, N. incerta, and I. galbana certainly support its occurrence in algae. Despite the apparent widespread occurrence of site of this pathway within the celL except in A. nidulans where the thylakoid membrane is the site of tyrosine conversion. This study reports results that suggest that the chloroplast is the site of conversion in 0. floccosa.
MATERIALS AND METHODS

CHEMICALS
All inorganic chemicals were reagent grade unless otherwise stated.
The following compounds were used as standards for TLC and (24) . Spots were also visualized by their absorption or fluorescence under UV light (254 nm). Those TLC plates utilized for autoradiography were dried overnight and were exposed to Kodak No Screen Medical x-ray film for 2 weeks and processed manually. Identification was made by the alignment of the visualized chromatograph with the autoradiograph.
Gas-liquid radiochromatography was performed with a Selectra System 5000, GLC and radiocounter (Nuclear-Chicago-Analytical Biochemistry Labs., Inc., Columbia, Mo.) consisting of a 6-foot silanized glass column packed with 3% (w/w) SE-30 on 80/100 mesh, acid-washed Chromosorb W (Supelco). Retention times were determined over a temperature program of 100 to 300 C at 5 C/min. Injection port and detector temperatures were 270 and 300 C, respectively. Argon was used as the carrier gas with a 8. (19) . The possibility of phenolic interference with the protein assay is considered insignificant since no significant difference was seen between values obtained from 39,000g supernatant that had been dialyzed and that which had not been dialyzed. Also the only phenolic compounds identified were three bromophenols present in less than 0.06% (unpublished data).
Catalase activity was determined by measuring the disappearance of H202 at 240 nm (7) . Glycolate oxidase/dehydrogenase activity was measured using the phenylhydrazine method (2); no attempt was made to determine which enzyme was present.
The formation of 4-hydroxybenzaldehyde and 3-bromo-4-hydroxybenzaldehyde from L-tyrosine was determined using the incubation mixture containing Triton X-100 and with and without the presence of FAD, NADP, a-ketoglutarate and MnBr2 together for 30 min.
A control incubation mixture containing the lOOg pellet was boiled for 3 min prior to the addition of the labeled tyrosine.
The 39,000g supernatant was then centrifuged at 95,000g for 3 h and the pellet resuspended; both supernatants and the resus-
The lOOg pellet (homogenate from the 25% sucrose) was carefully resuspended in 2 parts of buffered sucrose and layered (I ml) on a discontinuous sucrose density gradient consisting of 5 ml of 70% (w/w) sucrose, 4 ml of 67%, 5 ml of 60%Yo, 5 ml of 50%, 7.5 ml of 45%, and 7.5 ml of 24%. The gradient was then centrifuged at 77,000g for 3 h (SW 27 rotor, Beckman). One-ml fractions were collected as drops from the bottom of the punctured tube. All steps were conducted at 4 C. Chl was determined by adding 0.5 ml pyridine to solubilize the sucrose and extract the Chl from 0.2 ml of the sample, and reading the A at 670 nm. A pellet that formed at the bottom of the gradient tube was resuspended and also assayed.
Identification of Labeled Compounds. The remaining incubation mixtures containing the lOOg resuspended pellets were lyophilized, desiccated for 24 h over P205, and silylated by the addition of 50 id of acetonitrile and 50 p1l of BSTFA with 1% TMCS. This mixture was heated for 20 min at 60 C and 5 ,ul of this mixture added to 2 pl of silylated standards and subjected to GLC-RC.
Fifty-,ul aliquots of all of the incubation mixtures were separately spotted with standards and subjected to two-dimensional TLC with solvent systems 1 and 2. An additional 50 td of the lOOg incubation mixture was spotted with suitable standards and subjected to two-dimensional TLC with solvent systems 2 and 3. These two solvent systems successfully separated p-coumaric acid, 2,3-dibromoprotocatechualdehyde, 4-hydroxybenzoic acid, 4-hydroxyphenylacetaldehyde, 3-bromo4-hydroxyphenylacetic acid, 3-bromo-4-hydroxybenzoic acid from 4-hydroxybenzaldehyde, and protocatechualdehyde, 3-bromoprotocatechualdehyde from 4-hydroxyphenylacetic acid.
RESULTS
Incubation Conditions. The presence of Triton X-100 in the incubation mixture more than doubled the production of 4-hydroxybenzaldehyde and was more effective than digitonin or desoxycholate.
The formation of 4-hydroxybenzaldehyde and 3-bromo-4-hydroxybenzaldehyde was linear with time to about 30 min (Fig. 1,  a and b) , while the pH optimum for the formation of these two compounds is pH 7 (Fig. 1, c and d ).
The following compounds caused an insignificant increase in the formation of 4-hydroxybenzaldehyde (less than 15%): FAD, NADP, ATP, a-ketoglutarate and pyruvate. Pyridoxal phosphate, NAD, CoASH, and thiamine caused an insignificant decrease. Activity showed a significant increase in response to MnBr2 (1.24 x 10' dpm of 4-hydroxybenzaldehyde in 50 pl of incubation mixture), while oxaloacetic acid (5.4 x 103 dpm) and MgSO4 (6.6 x 103 dpm) caused a significant decrease in activity (control: 9.8 x 103 dpm). When NADP, FAD, MnBr2, and a-ketoglutarate were present in the same incubation mixture no significant increase (less than 15%) in p-hydroxybenzaldehyde resulted.
Cellular Localization of Activity. Microscopic examination of the resuspended pellets revealed the following. lOOg fraction. Both samples contained slight amounts of cell debris, most of which was unidentifiable except for a few cell wall fragments. The fraction contained chloroplasts (3-to 7-,um diam- Supernatant. The supernatant was free of visible particles and faintly blue in color. In all cases the pellets were very sticky and difficult to resuspend. The results of the various assays are shown in Table I . Almost half of the Chl was found in the IOOg fraction confirming the presence of chloroplasts. In fractions from homogenates made in either 10 or 25% sucrose the greatest activities of catalase and of glycolate oxidase/dehydrogenase were in the 5,000g fraction with considerable activity in the 39,000g fraction presumably reflecting the presence of microbodies. 4-hydroxybenzaldehyde from L-tyrosine in the 39,000g supernatant appears to be associated with very small particles as it was localized in the pellet formed by high speed centrifugation (Table  II) . The analysis of the density gradient (Fig. 2) showed that 4-hydroxybenzaldehyde synthesis corresponded with the Chl-containing bands. The top of the tube contained some phycocyanin, which indicated that some chloroplasts had ruptured. Band contained presumptive proplastids 2 pm in diameter, band 2 contained chloroplasts, the majority being 5.3 pm in diameter and some damaged chloroplasts. Bands 3 and 4 and the pellet contained chloroplasts 4 to 7 pm in diameter. Bands 2, 3, and 4 and the pellet sedimenting through the 70% sucrose contained a very slight amount of unidentifiable debris.
METABOLISM OF L-TYROSINE IN ODONTHALIA
Identification of Intermediates. The Rr values and retention times from GLC-RC are given in Table III , while the FID and RAM traces from GLC-RC are shown in Figure 3 . The autoradiograph of the incubation mixture containing L[U-14CJtyrosine and the l OOg fraction is shown in Figure 4 and is identical to the autoradiograph for the incubation mixtures containing the other fractions. The autoradiograph of the TLC plate chromatographed in solvents 2 and 3 did not reveal any additional compounds. Three unknown spots appear on the TLC autoradiograph of the L-[U-'4CJtyrosine incubation mixture, two of which correspond with unknown spots from the L-[carboxyl-_4CJtyrosine TLC-autoradiograph. The RAM trace shows a possible peak (shoulder of peak that aligns itself with 4-hydroxymandelic acid) that corresponds with the FID trace of 3,5-dibromo-4-hydroxybenzaldehyde (peak 5). This is, however, not verified by TLC-autoradiography.
DISCUSSION
Microscopic examination of the chloroplast fractions (100g) indicated the presence of chloroplasts with little apparent contamination. The added use of Miracloth removed slightly more contaminants than the four layers of cheesecloth alone. The exact nature of the contaminants was difficult to determine microscopically, although some aggregated organelles (chloroplasts, presumptive peroxisomes) were present.
The labeled compounds from all incubation mixtures, identified by TLC-autoradiography and GLC-RC, were the same as those identified from the whole homogenate (20) , and did not show any addition or reduction in the number of labeled products.
The ability to metaboliZe L-tyrosine to 4-hydroxybenzaldehyde and 3-bromo-4hydroxybenzaldehyde appears to reside in the chloroplast-containing fraction. Analysis of the cell fractions revealed that the per cent total dpm (4-hydroxybenzaldehyde) of the homogenate, and dpm of 4-hydroxybenzaldehyde per mg protein are highest in the lOOg fraction, which in turn corresponds with the fraction containing the most Chli. Per cent total dpm (4-hydroxybenzaldehyde) from the homogenate corresponds closely to the per cent total Chl of the homogenate and not with the marker enzymes indicative of peroxisomes ( The optimal pH for the entire pathway of formation of 4-hydroxybenzaldehyde from L-tyrosine in the incubation mixture is 7 (Fig. 1c) . The formation of 4-hydroxybenzaldehyde with time was linear for approximately 30 min with a significant reduction thereafter, not accounted for in the increase of 3-bromo-4-hydrox- 
